Abstract The ongoing process of ocean acidification already affects marine life, and according to the concept of oxygen and capacity limitation of thermal tolerance, these effects may be intensified at the borders of the thermal tolerance window. We studied the effects of elevated CO 2 concentrations on clapping performance and energy metabolism of the commercially important scallop Pecten maximus. Individuals were exposed for at least 30 days to 4°C (winter) or to 10°C (spring/summer) at either ambient (0.04 kPa, normocapnia) or predicted future PCO 2 levels (0.11 kPa, hypercapnia). Cold-exposed (4°C) groups revealed thermal stress exacerbated by PCO 2 indicated by a high mortality overall and its increase from 55 % under normocapnia to 90 % under hypercapnia. We therefore excluded the 4°C groups from further experimentation. Scallops at 10°C showed impaired clapping performance following hypercapnic exposure. Force production was significantly reduced although the number of claps was unchanged between normocapnia-and hypercapnia-exposed scallops. The difference between maximal and resting metabolic rate (aerobic scope) of the hypercapnic scallops was significantly reduced compared with normocapnic animals, indicating a reduction in net aerobic scope. Our data confirm that ocean acidification narrows the thermal tolerance range of scallops resulting in elevated vulnerability to temperature extremes and impairs the animal's performance capacity with potentially detrimental consequences for its fitness and survival in the ocean of tomorrow.
Introduction
Atmospheric temperature and CO 2 concentrations have been rising dramatically over the last decades due to anthropogenic influences (IPCC 2007) . In oceans, an increase in dissolved CO 2 results in reduced seawater pH and altered carbonate chemistry, known as ocean acidification (OA). The oceans' average pH has already declined by more than 0.1 units below the pH of pre-industrial times (Caldeira and Wickett 2003) . If trends continue at current rates, pH values are predicted to decrease by 0.3-0.4 units by the end of this century (Orr 2011) . These changes will affect a variety of biological processes that depend on pH and/or the components of the CO 2 /bicarbonate/carbonate system. Such effects are predicted to be especially significant for calcifying organisms (Fabry et al. 2008; Doney et al. 2009; Kroeker et al. 2010) . Besides the obvious effect on calcification, OA exposure influences the rate of energy metabolism in invertebrates Michaelidis et al. 2005; Lannig et al. 2010; Melatunan et al. 2011 ) via changes in extracellular and, possibly, intracellular pH values that cause alterations in energy partitioning. At the cellular level (muscle, liver), an extracellular acidosis causes metabolic depression by reducing the rate and costs of acid-base and ion regulation (Pörtner 1987; and/or of protein synthesis (Langenbuch and Pörtner 2003) .
At whole animal level, this is paralleled either by a decrease (Pörtner et al. 1998; Michaelidis et al. 2005) or by a stimulation in whole organism metabolic rate (Beniash et al. 2010; Stumpp et al. 2011) , likely depending on whether and to what extent transepithelial mechanisms of acid-base regulation are depressed or stimulated by OA scenarios . Each of these shifts may result in trade-offs in energy allocation between different biological processes such as ion regulation, calcification, growth or development Guderley and Pörtner 2010) , possibly leading to constraints in one or more of these processes (Wood et al. 2008; Beniash et al. 2010; Stumpp et al. 2011) .
The interactions between ocean acidification and other environmental factors are not well understood, and recent studies suggest a high complexity, with mainly synergistic effects. With respect to temperature, ocean acidification clearly reduced acute heat tolerance of the edible crab, Cancer pagurus (PCO 2 of 1 kPa, Metzger et al. 2007) , and narrowed the thermal tolerance range of the spider crab, Hyas araneus, indicated by a PCO 2 -dependent lowering of the critical temperature of the animals (OA scenarios: 0.07 and 0.3 kPa, Walther et al. 2009) . A temperature rise of 5°C and a PCO 2 elevated by 0.1 kPa caused respiration rates and adenylate nucleotide concentrations to fall in the snail Littorina littorea (Melatunan et al. 2011 ). An OA exposure of 0.3 kPa in combination with acute heat stress (delta 8-11°C) impaired the locomotion capacity of the spider crab, H. araneus (Zittier et al. 2012) . In Sydney rock oyster, Saccostrea glomerata, fertilization and larval development was explicitly reduced under hypercapnia (OA scenarios: 0.6, 0.7 and 1 kPa PCO 2 ) above optimum temperature (delta 4°C) (Parker et al. 2009 ). All of these findings indicate that thermal sensitivity is enhanced under projected OA conditions. Conversely, sensitivity to OA is presumably enhanced at thermal extremes. OA exposure also interferes synergistically with other stressors. A study on juvenile oysters Crassostrea virginica revealed that the combined exposure to low salinity (15 vs. 30 psu) and high PCO 2 (0.07-0.08 kPa) produced greater changes in shell properties than each of the factors alone (Dickinson et al. 2012) . Internal shell dissolution in Mytilus edulis under hypercapnic conditions was intensified in animals stressed by limited food supply, emphasizing a key role for food and thus energy availability in maximizing resistance to ocean acidification .
The concept of oxygen-and capacity-limited thermal tolerance (OCLTT, Pörtner 2002) may offer a suitable approach towards a mechanistic understanding of the synergistic interaction between thermal stress and OA/pH effects (Pörtner and Farrell 2008) . According to the OCLTT concept, maximal aerobic capacity and thus available metabolic power (energy use per unit time) are limited to the organism's specific thermal tolerance window. As outlined by Guderley and Pörtner (2010) , the maximal metabolic power must be partitioned between biological processes. Given that metabolic power depends on environmental parameters such as temperature or pH, environmental conditions outside the optimum range reaching the pejus (= getting worse) and critical range will impair an animal's aerobic scope, resulting in less metabolic power to sustain major fitness-related processes such as growth, reproduction, immune response or the avoidance of predators (see Pörtner 2010; Sokolova et al. 2012) .
Our model organism, Pecten maximus, belongs to the family Pectinidae (common name scallops). Scallops are distributed worldwide and are unique among bivalves due to their swimming behaviour. To escape from predators, other bivalves close their valves tightly or use their foot for burrowing and/or somersaults. Due to a reduced foot and shells not tightly closing, scallops use a different escape strategy by fast shell closure or jet-like propulsion enabling them to swim (Wilkens 2006) . Given that swimming is used to escape, for example, from predator attacks by starfish or crabs (Winter and Hamilton 1985; Ansell et al. 1991) , the scallops' swimming capacity is an important performance parameter. Events of swimming activity have been shown to depend on various biotic (e.g. predator abundance or size/age (Wiborg 1963; Brand 2006) and abiotic factors such as displacement from preferred sites (Winter and Hamilton 1985) , effects of currents (Gruffydd 1976) or temperature (Scheibling et al. 1995) .
The aim of our study was to investigate the impact of long-term OA exposure on the physiology of the scallop, Pecten maximus, at two temperatures, 4°C (winter) versus 10°C (spring/summer) against the background of the OCLTT concept. To analyse for energetic trade-offs and associated restrictions in performance capacities under expected OA conditions, we determined clapping performance and oxygen consumption rates under resting and exercise conditions of the commercially important scallop P. maximus after long-term incubation at elevated CO 2 level. (Pfeil et al. 2012) .
Materials and methods

Animals
Animals wrapped in wood wool were transported on ice to the Alfred Wegener Institute by airplane and kept in a recirculated aquarium system at 5°C. After 2 weeks of recovery, the shells were carefully scrubbed to remove epibionts. The incubations started and all measurements were carried out in March and April 2011 to avoid possible interference with reproduction as the presumable single spawning event takes place in June as shown for P. maximus from Fosen (a location close to Stavanger; Strand and Nylund 1991) .
Randomized groups of labelled animals were incubated in recirculating systems in temperature-control rooms at either 4°C or at 10°C (one system per group, comprising header, receiver and reservoir tanks and 2 experimental tanks (each equipped with 10 animals maximum) similar to the systems described by Michaelidis et al. 2005 or Findlay et al. 2010 . Temperature treatments were combined with different PCO 2 levels, controls with *0.039 kPa (390 latm, normocapnia) and elevated exposures with 4 times pre-industrial PCO 2 at *0.112 kPa (1120 latm, hypercapnia). All tanks were continuously bubbled with the specific CO 2 concentration that was made using a gas mixing system (HTK, Hamburg, Germany). Incubation lasted a minimum of 33 days up to 60 days (see supplementary materials). According to their suspension-feeding lifestyle, scallops were drip-fed live phytoplankton 3 times per week (DT 0 s Premium Reef Blend (Nannochloropsis osculata, Phaeodactylum, Chlorella, 25.3 lg/L phytoplankton dry weight; Philipp et al. 2008) . Feeding lasted for C6 h at a concentration of at least 6.10 9 10 5 cells gram -1 bivalve biomass hour -1 (4°C) and 9.15 9 10 5 cells gram -1 bivalve biomass hour -1 (10°C) (water circulation was stopped during feeding times). To ensure good water quality, water of the recirculated systems was exchanged at least twice a week and animal tanks were cleaned from faeces and remaining food items at least 3 times per week. Water physicochemistry was determined at least twice a week to ensure stable conditions (see Table 1 ): pH was measured with a pH electrode (WTW portable pH meter ProfiLine pH 3310) that was calibrated at the respective temperature with NIST buffers and salinity with a conductivity meter (WTW conductivity meter ProfiLine Cond 1970i), and total dissolved inorganic carbon (DIC) was determined with Seal Analysis SFA QuAAtro; pump Technicon trAAcs 800 TM. The pH was converted to total scale via measurement of Dickson standards. PCO 2 values were calculated using CO2sys (constants of Mehrbach et al. 1973 refitted by Dickson and Millero 1987 ; programme developed by Lewis and Wallace 1998) . Water quality was monitored by measurements of ammonia and nitrite values using photometric test kits (Machery-Nagel, Nanocolor test 0-68 and test 0-03). Animals were starved for 12-24 h prior to measurements to avoid interference with postprandial metabolism and faeces excretion (Wieser and Medgyesy 1990) .
Shell dimensions of the scallops in the different incubation experiments did not differ between groups prior to and after incubation resulting in overall mean ± SD of 108.52 ± 2.44 mm (height), 94.99 ± 2.63 mm (length) and 26.63 ± 1.88 mm (width) (N = 44-47).
Calculation of condition index
To obtain data about the wellbeing of the animals, we calculated the condition index CI and the muscle index MI after Shiver et al. (2002) and Pazos et al. (1997) as follows:
and
with DW = dry weight of the total soft tissue and of the adductor muscle, respectively, and of the shell in [g] . Dry weights were determined after drying at 75°C for as long as no detectable changes in weight were observed. Measurement of haemolymph acid-base parameters Haemolymph parameters were analysed as described in Lannig et al. (2010) using a blood gas analyser (MT 33, Eschweiler, Germany) with glass electrodes for PCO 2 , PO 2 and pH that were calibrated at the respective temperature with NIST buffers or calibration gases, respectively. Scallops were kept on ice and manually immobilized to avoid any claps while carefully sampling about 2 mL haemolymph out of the tonic adductor muscle with gastight, sterile syringes (0.60-mm cannula). Haemolymph samples were immediately transferred to the blood gas analyser (about 300 lL). For the determination of total CO 2 in the haemolymph (C e CO 2 ), 200 lL of haemolymph were put into glass vials with 3 mL 0.1 M HCl via a microlitre precision syringe (Hamilton, 1700 series) and analysed by a gas chromatograph (Agilent 6890 N GC System, Agilent Technologies, USA). The rest was deep frozen in liquid nitrogen (N 2 ) and stored at -20°C for further analysis.
The concentration of apparent bicarbonate in the haemolymph [HCO 3 -] e was calculated as: After haemolymph sampling, animals were dissected, the wet soft tissues were weighed (to the nearest 0.1 g) and tissues samples were freeze clamped and stored in liquid N 2 or at -80°C for further analysis.
Measurement of clapping performance
Experimental temperature was adjusted with a thermostat (Julabo, F32-HD), and the respective PCO 2 levels of *0.039 kPa (normocapnia) and *0.112 kPa (hypercapnia) were reached by bubbling the water with either air or a mixture of CO 2 and air via a multi-gas controller (MKS, PR4000). Determination of clapping performance was carried out following procedures described in previous studies (see Bailey et al. 2003; Fleury et al. 2005 and Guderley et al. 2009 ).
The measurements were performed using a force gauge (Mecmesin Advanced Force Gauge, 50 N). In the experimental tank, scallops were fixed on a plate using a hookand-loop fastener (see Fig. 1 a for experimental set up). The lower valve was additionally immobilized with two clamps and stabilized with dental wax. The force gauge was placed on the front side of the scallop with a hook between its valves at an opening width, which was observed for the undisturbed scallop (between 0.8 and 1.5 cm depending on the animal). After at least 12 h of recovery, clapping was induced by introducing aqua dest via a thin, gas-tight tube into the mantle cavity (see Bailey et al. 2005; Denny and Miller 2006) . When the scallop stopped clapping, the stimulation was repeated until animals were fatigue and showed no response to further stimulation (after *50 min). The force of the adductor muscle during time of clapping was measured with a frequency of 10 Hz. The opening width during claps was determined using a ruler and by video analysis (Logitech, Quick Cam E2500).
Force recordings were normalized before each analysis. A ''clap'' was defined as a short interval of great force difference produced by the scallop with a rapid valve closing via phasic contraction as described in Fleury et al. (2005) . Number of claps and force strength were determined from force per time recordings. We calculated the total force 
F total is subdivided in a phasic part (force produced by the phasic adductor muscle) and a tonic part (force produced by the tonic muscle). The phasic force F phasic [N] was calculated as sum of the clap force F clap [N] (see Fig. 1 b) . F clap is the difference of the maximal force and the starting force during one clap. To calculate the mean phasic force F mean phasic [N] per one clap, F phasic was divided by the number of claps:
where the claps are numbered from i to n. The tonic force F tonic [N] was calculated from the difference of F total and F phasic :
where t clap is the average time per clap (0.25 s) and t total is the total measurement time until the animal was fatigued, while t tonic is the total time of all tonic phases. We calculated with t total instead of t tonic , which makes a negligible difference of 0.53 %, because t tonic = t total -t phasic and t total & t tonic (with t total *3000 s compared with t phasic *16 s).
Measurement of metabolic rate
We measured respiration rates of normocapnia-and hypercapnia-exposed scallops using intermitted flow respirometry (cf. Heilmayer and Brey 2003; Tremblay et al. 2006 ). The scallops were placed in respiration chambers (plexiglas chambers with a volume of ca. 1.5 L; one chamber per animal) and immobilized on the bottom of the chamber using hook-and-loop fastener. The respiration chambers were placed into the experimental tank with defined temperature and PCO 2 levels (see above). Oxygen saturation was measured with O 2 optodes from PreSens (Microx TX2 or TX3, PreSens, Neuweiler, Germany), and continuous water circulation inside the respiratory setup was performed by a peristaltic pump (Ismatec, type Ism404B; Ismatec MCP). In order to exclude animals with potential atypical behaviour without causing disturbances during measurements (similar to Heilmayer and Brey 2003) , the scallops were monitored using a web cam under continuous, shaded light. For changes between flowthrough and closed system, plastic quick couplings were used in a different compartment of the experimental tank separated by a water-permeable wall in order to avoid irritations and disturbances for the scallops. Prior to measurements, scallops were allowed to recover for at least 12 h. In each experiment, 3 respiration chambers were used simultaneously. Respiration in empty chambers was measured before and after each experiment to account for potential bacterial respiration (observed values were negligible). Experimental runs were stopped when oxygen saturation was decreased to 75-70 % inside the chamber. Two to four runs were measured for each animal within 12 h. During nights, chambers were flooded and connected to the flowthrough system. After measuring the oxygen consumption during resting metabolism, the respiration chambers were opened and the scallops were triggered to swim until fatigue as described above. After exhaustion, chambers were closed and the oxygen consumption measurements were started immediately and recorded until animals regained resting metabolic rates. The dry mass was calculated by applying the conversion factor 0.162, which was evaluated before using 20 separate P. maximus.
We calculated the oxygen consumption ( _ M O2 ) [lmol O 2 h -1 gDW -1 ] of the animal under resting and fatigue conditions as follows: Fry (1947) as
where _ M O2 max is the maximal metabolic rate (MMR) after exercise and the _ M O2 rest is the resting metabolic rate (RMR). 
Results
Scallop condition and mortality
From day 20 (normocapnia) and day 38 (hypercapnia) onward, 55 % of normocapnia-and 90 % of hypercapniaexposed scallops died at 4°C, whereas none of the scallops incubated at 10°C died under normocapnic and just one under hypercapnic conditions (see Fig. 2 ). Condition indices of scallops before and after incubation did not differ between groups with a CI of 11.38 ± 1.38 (control group at the start of the experiment, N = 20) and with CIs at the end of the experiment of 11.70 ± 1.94 (4°C normocapnia, N = 8), 11.24 ± 0.96 (10°C normocapnia, N = 19) and 11.63 ± 1.35 (10°C hypercapnia, N = 19) (mean ± SD, F 2,45 = 0.539; p = 0.587). Data are mean ± SD with N = 13-15 (RMR) and N = 4-5 (MMR)
RMR resting metabolic rate, MMR maximal metabolic rate, P e O 2 / P e CO 2 extracellular partial pressure of O 2 /CO 2 , pH e extracellular pH, NBS National Bureau of Standards, C e CO 2 extracellular total dissolved inorganic carbon, [HCO 3 -] e extracellular bicarbonate concentration * Significant differences between normocapnic and hypercapnic data at same metabolic rate ? Significant differences between RMR and MMR at same CO 2 levels fatigued compared with resting animals in both normocapnia and hypercapnia groups (Table 2) .
Clapping performance and metabolic rate OA exposure at 10°C had no impact on clapping numbers (F 13,11 = 2.512, t 1,24 = 0.0683, p = 0.9461), but a strong effect on force production resulting in significantly lowered total force, mean phasic force and tonic force values (F total : F 12,13 = 2.788, t 1,25 = 4.776, p \ 0.0001; F mean phasic : F 11,11 = 1.626, t 1,22 = 3.976, p = 0.0006; F tonic : F 12,13 = 2.818, t 1,25 = 4.758, p \ 0.0001) (Fig. 3) . Recovery period and the time until scallops were fatigued were more or less similar in normocapnic and hypercapnic animals.
OA exposure at 10°C had no effect on resting metabolic rate (RMR) with medians of 5.10 lmol O 2 h -1 gDW -1
(normocapnia) and 5.27 lmol O 2 h -1 gDW -1 (hypercapnia) (Fig. 4a) . After exercise maximal metabolic rate (MMR) was significantly increased above that of the resting animals in both normocapnia-and hypercapniaexposed scallops (F 1,40 = 145.503, p \ 0.001; Fig. 4a) . However, the exercise-induced increase was lower in the hypercapnia group resulting in a significantly lower MMR (F 1,40 = 4.396, p \ 0.05) and net aerobic scope (NAS, Fig. 4b ) in hypercapnia-than in normocapnia-exposed animals (F 8,9 = 1.937, t 1,17 = 2.359, p = 0.0305).
Discussion
Mortality
In contrast to incubation experiments at 10°C, we observed a high mortality among scallops exposed to 4°C (55 % under normocapnia, 90 % under hypercapnia) (see Fig. 2 ). This was unexpected as animals had been reared at their winter environmental temperatures of 3-5°C (see ''Materials and methods''). As water quality (e.g. ammonium/nitrite levels) was similar between incubations, we assume that the high mortality at 4°C is related to a timedependent effect: By keeping the animals continually at 4°C, ''physiological wintertime'' may have been overextended resulting in enhanced mortality. Against the background of the OCLTT concept, these animals may have been at the lower end of their thermal window too long. Factors reflecting insufficient functional capacity that might have decreased fitness and survival rate in the cold include insufficient food uptake and digestion capacities in the cold as enzymes operate below the thermal optimum (Brock et al. 1986) , and/or ciliate beat frequency may be insufficient (Riisgård and Larsen 2007) . However, we observed no difference in condition or muscle indices between 4°C-and 10°C-exposed scallops, and our overall means of condition index (11.48 ± 1.31, N = 46) and muscle index (3.54 ± 0.48, N = 46) are comparable to literature data of P. maximus showing CIs of 6-10 and MIs of 3-6 in positively growing specimens (Pazos et al. 1997 , CI was calculated from reported tissue and shell weights). Similar CI values between 10 and 25 are reported for juvenile bay scallops Argopecten irradians (Shriver et al. 2002) . Specific reasons causing enhanced mortality and involving OCLTT capacity limitation (e.g. circulatory limitation) thus remain to be identified. In line with earlier findings on the warm side of the thermal tolerance window (see ''Introduction''), our study indicates that OA exposure may have shifted the animals from pejus further to the critical range at the cold side of the thermal tolerance window. The hypothesis of cold limited tolerance is further supported by observations by Strand and Brynjeldsen (2003) who reported an extraordinarily high mortality rate (52-100 %) among juvenile P. maximus along the coast of Norway during an abnormally cold winter (1995/6) at temperatures between 2 and 4°C. The normal temperature profile experienced by scallops from the Stavanger region since 2000 usually yielded monthly means of 5°C at a depth of around 20 m, and during that whole period, there was only 1 month with a mean below 5°C (Institute of Marine Research, Norway 2012). Furthermore, scallops survived well for more than 10 months in our aquarium system at 5°C supporting our hypothesis that P. maximus may have reached its lower thermal limit at around 4°C leading to an increase in mortality.
Haemolymph acid-base parameters Scallops under hypercapnia had a lower pH e , a higher P e CO 2 , bicarbonate and C e CO 2 level than normocapnic animals, indicating that P. maximus did not compensate for the extracellular acidosis under long-term OA exposure. As already shown in other studies (e.g. Lindinger et al. 1984; Walsh et al. 1984; Michaelidis et al. 2005; Melzner et al. 2009 ), the capacity for extracellular pH regulation is low in bivalves, including scallops. Similar to oysters (Lannig et al. 2010) , scallops showed a significant, albeit small elevation in bicarbonate concentrations under hypercapnia. This indicates no or only a small degree of compensation of the acid-base disturbance in the haemolymph. Passive compensation depends on the level of non-bicarbonate buffer value that was not determined. Other bivalves, for example, Mytilus edulis, have haemolymph non-bicarbonate buffer lines (b NB = 0.4 mmol L -1 pH -1 , Booth et al. 1984 ) similar to seawater (0.3 mmol L -1 pH -1 ). It seems that in bivalves in general, a CO 2 induced acidosis remains largely uncompensated, due to low buffering and limited capacity of proton equivalent ion exchange.
Exhaustive exercise at 10°C significantly affected P. maximus haemolymph parameters (see Table 2 ). Under both normocapnic and hypercapnic conditions, values of pH e and P e O 2 of the fatigued scallops decreased, while P e CO 2 , C e CO 2 and bicarbonate levels increased compared with findings in resting scallops. The lack of respiratory pigments, the poor perfusion of the adductor muscle and its low mitochondrial density reflect insufficient supply and use of oxygen by the phasic adductor muscle that largely operates anaerobically during swimming Thompson et al. 1980) . Exercising scallops mainly catabolize phospho-L-arginine and then glycogen stored in their adductor muscle (e.g. Argopecten irradians can use about 23-25 % of the glycogen stored in the adductor muscle, Epp et al. 1988) . Glycolysis leads to octopine formation, largely during recovery after swimming (Grieshaber and Gäde 1977; Gäde et al. 1978; Chih and Ellington 1983) ; succinate formation may result from oxygen deficiency at mitochondrial level. In fact, P e O 2 remains low during recovery, such that scallops initially recover under hypoxic conditions, associated with a rise in P e CO 2 due to insufficient ventilation (MacDonald et al. 2006 ). An acidosis would thus result from respiratory CO 2 accumulation and non-respiratory proton release during anaerobic end product formation in excess of the proton consumption by phospho-L-arginine degradation (Pörtner 1987) . The rise in metabolic rate after exhaustive exercise in scallops (see Fig. 4 ) is due to increased energy demands during glycogen resynthesis and involves the oxidative degradation of anaerobic end products like D-octopine (MacDonald et al. 2006 ).
Clapping performance and metabolic rate
Present data of around 62 claps until fatigue (independent of CO 2 level) fit very well with the 57 claps obtained by Bailey et al. (2003) for P. maximus at 12°C. As shown by the same study, great differences in clapping performance Fig. 4 Oxygen consumption ( _ M O2 ) of P. maximus after long-term incubation under normocapnia (seawater PCO 2 *0.040 kPa) and hypercapnia (seawater PCO 2 *0.112 kPa) at 10°C. a Oxygen consumption at rest (RMR) and after exercise (MMR) (N = 9-13).
b Net aerobic scope (NAS; N = 9-10). Data are depicted in boxplots; asterisks significant differences between normocapnic and hypercapnic data.
? significant differences between RMR and MMR exist between scallop species, regardless of temperature. The authors compared the number of claps until exhaustion of three species, the Antarctic scallop, Adamussium colbecki, and two temperate species, Aequipecten opercularis and P. maximus. Each species was measured at its respective habitat temperature and the results varied between 24 claps (A. opercularis, 12°C), 48 claps (A. colbecki, 0°C) and the mentioned 57 claps (P. maximus, 12°C). Fleury et al. (2005) elicited lower values of around 19 claps in the scallop Placopecten magellanicus at 9.5°C, upon stimulation with starfish for 200 s. However, animals from that study were not taken to fatigue likely leading to an underestimation of the maximum possible clap numbers. Furthermore, the time of collection (season) seems to affect maximal clap numbers as shown by Guderley et al. (2009) where total clap numbers of P. magellanicus varied between 23 claps (spring) and 40 claps (autumn), both measured at 12°C (close to habitat temperatures).
Our results on clapping performance and aerobic scope indicate an energetic trade-off under OA conditions at the expense of the scope of escape response. Although the number of claps was similar between normocapnic and hypercapnic animals at 10°C, reduced force capacities in hypercapnic scallops revealed a significantly negative effect of OA exposure (see Fig. 3 ). The diminished activation of muscle fibres following OA exposure may indicate that ATP-consuming processes were slowed and energy demand reduced, which resulted in an weakened escape response. This effect may be mediated through the lowering of extracellular pH. In muscle tissues of marine invertebrates, extracellular acidosis slows ion exchange and acid-base regulation . The extracellular acidosis thereby mediates a slowing of myosin ATPase and the development of contractile force in muscle tissue (cf. Pörtner 2008) . While oxygen consumption during rest (RMR) did not differ between normocapnia-and hypercapnia-exposed scallops at 10°C, oxygen consumption following exhaustive exercise (MMR) was reduced in hypercapnic compared with normocapnic animals resulting in a significantly reduced net aerobic scope (NAS) by a factor of 1.49 in OA-exposed scallops (see Fig. 4 ).
The increase in oxygen consumption during exercise indicates enhanced aerobic energy provision on top of anaerobic metabolism. In sessile bivalves, feeding led to the highest oxygen consumption rates (Tremblay et al. 1998 ). Mackay and Shumway (1980) showed for the pectinid Chlamys delicatula that exercise (escape response) resulted in an even higher postexercise oxygen consumption rate than the rate seen during feeding. Therefore, net aerobic scope (NAS) calculated as the difference between oxygen consumption at rest and after exhaustive exercise can be assumed as the maximal NAS for scallops.
Limitations in functional capacity may be reached when cellular energy levels fall. According to Pörtner et al. (2004) , OA-exposed animals would need to invest more energy into acid-base regulation. Our findings of reduced net aerobic scope indicate that OA-exposed animals at 10°C reallocated available energy to, for example, ion regulation but at the expense of other processes, for example, activity. In the study of Wood et al. (2008) , calcification rates and respiration rates of the brittlestar Amphiura filiformis exposed to hypercapnia were increased, but muscle mass was reduced instead. This ''muscle wastage'' was seen as a fast and time limited trade-off between structure (morphological integrity) and function (arm movement). In salmon and oysters, exposure to low pH or elevated PCO 2 led to a partial depletion of tissue energy reserves such as glycogen and lipids (Haya et al. 1985; Lannig et al. 2010; Dickinson et al. 2012 ).
Conclusion
Our study revealed that ocean acidification narrows the scope for exercise performance of the active calcifier, Pecten maximus. At elevated CO 2 levels, clapping force was reduced indicating that this species might become vulnerable to predators as their escape response is weakened following exposure to predicted OA scenarios. Our results seen together with those of other studies indicate that OA-induced energetic trade-offs exist, reducing the energy available for fitness-related processes such as locomotion, growth and/or stress resistance. The increased mortality among scallops exposed to 4°C and elevated CO 2 levels implies an OA-induced exacerbation of cold stress, in line with a narrowing of the thermal tolerance range at the cold side. Further investigations at the cellular level are necessary to examine the allocation of metabolic power to different processes and to fully unravel the picture of OA-induced impacts on energy metabolism and associated energy reallocations.
